A simple one-dimensional theory is presented to assess the implantation of ions from the ion matrix sheath ͑IMS͒ in an ablated plasma plume that is approaching a negatively biased substrate. Under the assumption that the plume geometry, the electron and ion density distributions, and the potential distribution are frozen during the IMS extraction, the implanted ion current is calculated as a function of time for various substrate-plume separations. This model accurately recovers Lieberman's classic results when the plume front is initially in contact with the substrate.
When an energetic beam ͑laser or electron beam͒ hits a target, a plasma plume is generated from the target material. 1, 2 This ablated plasma expands roughly at the ion acoustic speed with electron temperature of order a couple eV. 3 It may be used for ion implantation, if a substrate is placed in the path of plasma plume expansion and is negatively biased to a high voltage. We call this process ablationplasma ion implantation ͑APII͒. The bias voltage is turned on when the plume front is at a distance, h, from the substrate. In this letter, we use a simple model to evaluate the implanted ion current as a function of h. The model is a generalization of the conventional plasma immersion ion implantation ͑PIII͒, [4] [5] [6] [7] [8] [9] [10] [11] which may be considered as the hϭ0 limit.
This work is motivated by several appealing features of APII. For instance, any solid material, including metals and refractories, may be ablated to form the ion source. APII may also operate in a repetitively pulsed mode ͑10-50 Hz͒. It requires no toxic gases and is therefore environmentally benign. It has the inherent ability of ion-assisted deposition.
In PIII, the ion implantation consists of two phases, 5, 6 the earlier ion matrix sheath ͑IMS͒ extraction phase and the subsequent Child-sheath expansion phase. The separation between these two phases occurs at a time roughly equal to 3/ pi after the bias voltage is turned on, where pi is the ion plasma frequency. The IMS extraction phase is of most practical interest. It also allows relatively simple analytical treatments 6, 7 that yield excellent agreement with numerical integration of the governing equations. Here, we focus only on IMS extraction for APII, borrowing the crucial features revealed by these PIII models: ͑1͒ the electrons can be largely ignored, ͑2͒ the results are insensitive to the adoption ͑or not͒ of the Bohm velocity for the ion flux, and ͑3͒ the implanted ion current density may be reliably evaluated with the electric field approximated by the initial profile, when the IMS is first formed.
The negative bias voltage, ϪV 0 , is applied to the substrate when the plasma plume reaches a distance, h, from the substrate ͑Fig. 1͒. In a very short time scale of order 1/ pe , electrons are expelled, leaving behind the IMS of constant ion density n 0 extending from xϭh to xϭs h ϩh, beyond which the plasma is neutral. Let Ϫ h be the potential at x ϭh. The sheath potential h and the sheath thickness s h may be determined in terms of h, n 0 , and V 0 under the assumption of vanishing electron temperature:
where
with ϭ2(h/s 0 ) 2 . These equations are derived by noting that the electrostatic field is a negative constant in the vacuum region, 0ϽxϽh, but linearly increases from xϭh to xϭhϩs h , at which both the electric potential and electric field are zero ͑Fig. the substrate, i.e., hϭ0. Equations ͑1͒ and ͑2͒ are shown in Fig. 2 . Asymptotically, F() approaches 1 -(2) 1/2 for Ӷ1, and approaches 1/͑2͒ for ӷ1.
The ions in IMS are accelerated toward the substrate. We assume that they all have zero initial velocity. Consider an ion initially located at x 0 , hϽx o Ͻhϩs h . We assume that this ion ͑or any ion͒, during its flight to the substrate, is subject to the same static field that is formed at the beginning. That is, the electrostatic field is frozen in time. To be consistent with this assumption, we pretend that the ion density, the ion sheath geometry, and the plume front, are also frozen in time. Under these drastic assumptions, the coordinates, xϭ(t), of this ion obeys the following force law: 
͑9͒
Note that a is simply the magnitude of the ion acceleration in the vacuum region. In Eq. ͑9͒, the first equality follows from Eqs. ͑1͒ and ͑5b͒ whereas the second equality follows from Eqs. ͑3͒ and ͑4͒. Clearly, a depends on V 0 , h, n o , and M i , but is independent of x 0 , whereas T depends on x 0 , as explicitly labeled in Eq. ͑8͒. We now calculate the implanted ion current density, J(T), as a function of the arrival time T:
where TϭT(x 0 ) is given by Eq. ͑8͒. In general, there is a one-to-one correspondence between T and x 0 . Note, that J(T)ϭ0 for TϽT(h), since there is no ion impinging onto the substrate prior to the first arrivals from x 0 ϭh, the vacuum-IMS interface. Thus, in the plot of the implanted current ͑Fig. 3͒, the origin of the time axis represents the arrival time at the substrate by these first ions. It may be shown that the governing equations for the ions, Eqs. ͑5͒-͑10͒, may be conveniently nondimensionalized using 1/ pi for the time scale and s 0 for the spatial scale. From these two fundamental scales, we may construct the velocity scale u 0 ϭ pi s 0 , the acceleration scale pi 2 s 0 , and the voltage scale V 0 . Note that Eqs. ͑1͒, ͑2͒, and ͑9͒ are already written in these scales. If we further normalize the current density by en 0 u 0 , and use a bar to denote all normalized quantities, e.g.,
we may readily verify from Eqs. ͑6͒-͑10͒ that the various quantities listed in Eq. ͑11͒ depend only on two normalized variables: h/s 0 ͑or ͒ and x 0 /s 0 ͓or T from Eq. ͑8͔͒. h/s 0 ; the origin of the time axis designates the arrival time of the first ions, as explained toward the end of the preceding paragraph. From Fig. 3 , we see that APII always yields a total ion dose less than PIII ͑the hϭ0 case͒, for the same bias voltage on the substrate and for the same plasma density. The total APII dose is within a factor of 2 of the total PIII dose if h Ͻs 0 . For h/s 0 ӷ1, the dose becomes small as the IMS thickness becomes small ͓Eq. ͑2͒ for ӷ1͔. In this limit, one may prove from Eqs. ͑8͒ and ͑10͒ that J approaches en 0 u 0 when the ions first strike the substrate, as expected intuitively.
Finally, let us check the adequacy of our much simplified model, which assumes completely static quantities in Eq. ͑5͒, against the well-known analytic results of Lieberman 5, 6 in the hϭ0 ͑PIII͒ limit. In this limit, Tϭt h from Eq. ͑8͒, and s h ϭs 0 by definition ͓Fig. 1, or Eq. ͑2͔͒. Equation ͑6͒ then becomes cosh͑T ͒ϭ 1 1Ϫx 0 . ͑12͒
Upon substituting Eq. ͑12͒ into Eq. ͑10͒, we obtain the normalized ion current density:
is the hϭ0 curve in Fig. 3 . There we see that it is an excellent approximation to Lieberman's numerical solution 5, 6 for the major portion of IMS extraction. Let us now justify the assumption of a static plume for IMS extraction. The time scale for IMS depletion is of order C/ pi where C is in the single digits according to Fig. 3 . Over that time scale, the plume moves a distance of order ⌬hϭCu p / pi where u p is the plume-front velocity which typically corresponds to a couple of eV of ion kinetic energy. [1] [2] [3] The fractional change of the geometry, measured by ⌬h/s 0 , is then of order Cu p /u 0 , a quantity much less than unity if V 0 is in the kV range or higher. Thus, during IMS extraction, the plume may be treated as static.
In conclusion, we have used a very simple analytic model to evaluate the implantation of ion matrix sheath of an ablated plasma plume that is approaching a substrate. Figure  3 provides an immediate assessment of APII, for a general ion species, ion density, bias voltage (ϾkV), and plumesubstrate separation. The approximate model bypasses many theoretical and practical issues, such as Bohm and Child sheaths, 5, [12] [13] [14] and electrical breakdown, 15, 16 all of which may become important in the long time behavior. Detailed modeling and experiments on APII will be required to address these issues. This work was supported by NSF, Grant No. CTS-9907106.
